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ABSTRACT
Investigation of Electrocoating Mechanisms
Tyler James Marlar
Department of Chemical Engineering, BYU
Master of Science
The objective of this work is to advance the mechanistic understanding of cathodic
electrocoating. These efforts are focused on the initial processes responsible for deposition,
which are examined through direct experimentation and simulation. Electrocoating is a global
industrial process providing a corrosive resistant base paint to automobile bodies. Presently,
empirical models are used to model coating thickness; these models tend to overpredict
deposition in occluded areas. Convection is implemented to study the behavior of adhered
surface H2 bubbles on the substrate surfaces. The impact of surface H2 bubbles and early e-coat
deposition on the local current density is studied using simulations. Results show an increased
local current density around surface H2 bubbles and early e-coat deposition influences film
growth. When surface H2 bubbles are displaced before sufficient e-coat is deposited the lack of
increased local current density slows deposition. However, when sufficient e-coat is deposited
and then surface H2 bubbles are displaced, the induction period is unaffected since the early
deposition is sufficient to keep the local current density high enough to drive deposition.
Solution factors are qualitatively studied using a diluted e-coat dispersion and a anionic
exchange membrane cell. Experiments demonstrate a visual change in the solution near the
cathode and indicates a coagulation of micelles in this region. Experiments also demonstrate a
rise in pH is associated with the induction time, but is not necessary for e-coat deposition. Film
resistance is used to understand film growth and film morphology during industrial
electrocoating. Interruption experiments demonstrate H2 bubbles may influence film resistance.
Film density and resistivity results cannot be completely explained with understood physics,
underlining the importance of future resistance studies. These results provide an increased
understanding of fundamental processes responsible for initial deposition, which is the
foundation needed for advanced physics-based models of the electrocoating process.

Keywords: electrocoating, e-coat convection, surface H2 bubbles, e-coat coagulation, anionic
exchange membrane, electrochemical resistance, current density simulation
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1

INTRODUCTION

The objective of this work is to provide a mechanistic understanding of the initial
processes responsible for deposition and film growth during electrocoating through direct
experimentation. This work focuses on cathodic electrophoretic deposition using an epoxy-amine
micelle dispersion. The experimental work will provide physical insight which can be used to
improve enhance predictive capability and enable digital process design of the
electrocoating process.
Nearly every automobile in the world is primed using cathodic electrophoretic deposition
of a polymeric resin [1, 2]. This process is generally termed electrocoating. Electrocoating is
advantageous relative to other coating processes as it coats occluded areas, uses nearly all the
paint, and reduces environmental pollution [3]. Simulation of the electrocoating process during
design phase testing is used to ensure uniform coat coverage and to improve prototyping efficacy
[4]. However, present models, which rely on semi-empirical correlations [5-8], have difficulty
predicting deposition and coating thickness in less-accessible, low current density areas.
Therefore, the mechanisms responsible for initial deposition at low current density areas are
studied to aid the development of a physics-based model and improve the efficacy of digital
design processes.
Electrocoating paint, or e-coat consists of polymeric resin, pigment, and other additives.
For cathodic electrocoating, the polymeric resins are positively charged through acidification and
1

disperse in aqueous solution forming positively charged micelles [5, 6, 9]. The part to be coated
is submerged in the e-coat solution and acts as the cathode when an electric field is applied.
Water electrolysis occurs at the cathode surface, evolving hydrogen gas and producing hydroxide
ions at the cathode surface [6, 7, 9, 10]. Micelles are transported to the cathode surface by
electrochemical migration and are neutralized in solution. The neutralized micelles deposit on
the cathode surface and form a uniform e-coat layer with subsequent deposition.
However, a non-uniform current distribution during electrocoating results from the
complex geometries of automobile bodies. As the exterior parts become coated, the electrically
resistive polymer coating shifts deposition to less accessible areas. Eventually, occluded areas
such as rocker panels are coated. Low current density areas manifest thinner coatings, which is
associated with a longer induction period than high current density areas [10-14]. The induction
period is the time between when the electric field is initially applied to the system and when
there is a rapid change in the imposed voltage or current [6, 7, 10, 12].
Present models focus on predicting the duration of the induction period, denoted as the
induction time, which is associated with micelle deposition [1, 6, 7, 9, 10, 14]. However,
deposition occurs during the induction period and has been demonstrated to impact the induction
time [4, 6]. Deposition during the induction period has been termed initial deposition [4, 9].
Present induction time models ignore key mechanisms and do not explain factors controlling
initial deposition and its effect on the overall electrocoating process [1, 4]. Despite the ubiquity
of electrocoating, the cause of induction time deviations and deposition thickness in low and
high current density areas is not completely understood. Therefore, it is imperative to understand
the underlying initial deposition factors to improve the digital design efficacy of the
electrocoating process.

2

A literature review of electrocoating processes and present models is presented in
Chapter 2. Experimental methods used to study the electrocoating process are presented in
Chapter 3. Surface factors influencing the early induction period were investigated using an
electrochemical flow cell. These results are presented in Chapter 4 and will be submitted to a
peer-reviewed journal. Preliminary studies on solution changes during electrocoating are
presented in Chapter 5. Factors influencing electrocoating after the induction period were studied
during an industrial experience, and results are presented in Chapter 6. Although Chapters 5 and
6 present data which have not been previously reported in the literature, the results cannot be
completely explained with present understanding of physical mechanisms. Therefore, these
results were not submitted for peer-review publication. Conclusions and future work are outlined
in Chapter 7.

3

2

BACKGROUND

Historically, electrocoating in the automobile industry became popular in the early 1960’s
[6] due to the advantages over other methods [9]. Electrocoating was originally set apart for
luxury vehicles [11]. By the mid-1970’s encyclopedialike handbooks were written describing the
electrophoretic deposition process. Two of the most popular handbooks were written by
Machu [15] and Beck [5], and mechanisms were beginning to be described by Kubo [8]. During
this period both anodic and cathodic deposition were used [5, 15]. However, at the beginning of
the 1980’s, the automobile industry shifted to primarily using cathodic electrocoating. In 1981,
Pierce [6], a leader in the field, summarized principal mechanisms and the semi-empirical
models of induction time and film growth, which are still used today [6, 7, 9, 10, 16]. This paper
was widely accepted and provided foundational understanding of the electrocoating process.
However, as previously discussed, the developed models are unable to explain deviations of film
thickness in various current density areas [1, 4, 12].
Since 1981, the effect of process parameters on film growth and induction time have been
extensively investigated. These parameters include: reaction time [3, 6]; substrate [7]; current
density [17] voltage [3, 6]; solid content [18]; degree of neutralization [10]; epoxy-to-amine ratio
[19]; solution pH [20]; bath conductivity [10]; particle size [10, 21]; solvent content [14, 22];
viscosity [10]; and temperature [7, 9, 14, 18, 23, 24]. These parameters and their effect on the
electrocoating process have been used to modify previous semi-empirical models, but an overall
4

first principle model has not been developed [1]. Furthermore, these studies have not considered
factors influencing initial deposition nor its effect on the overall electrocoating process.
In recent years, interest in understanding mechanisms has been renewed [1, 2, 4]. New
studies have focused on interactions between the dispersed polymeric micelles and the substrate
surface [1, 4, 12]. Novel techniques have been developed to study surface interactions. These
studies have provided some insight, but the influence of all surface components is not well
understood. Furthermore, results have not been applied to digital design model.
This chapter is divided into three sections. The sections discuss identifying the induction
time and time of micellular deposition, mechanisms of the induction time, and the effect of
surface interactions on observed film morphology, respectively.

Induction Time and Deposition Time
There is a delay between the time when an electric field is applied to a system and when
deposition of electrocoat begins [6]. Porous deposition is usually manifested by a rapid change in
either voltage or current density in galvanostatic or potentiostatic systems, respectively. The time
of the rapid voltage or current change is termed induction time [6]. Although many authors have
used a variety of different system conditions, the overall shape of the galvanostatic and
potentiostatic curves, and therefore the definition of induction time remains the same [1, 6, 7, 9,
10, 14] as demonstrated in Figure 1.
Although some initial deposition occurs during the induction period [4, 6, 9], the rapid
voltage increase at the induction time is commonly associated with the onset of deposition [5, 7].
This simplification has been modeled in the literature using a critical pH condition [5, 6]. In
these models, the well-known Sand’s Equation is used to calculate the surface pH at the
induction time. This value is typically calculated to be a pH of 12 and taken to be the critical
5

Figure 1. Induction time for galvanostatic (a) and potentiostatic conditions (b). Induction time is
marked by (x) and is associated with a rapid change in voltage or current. Galvanostatic data
published by Pierce [6] indicates predicting the induction time using mechanistic models does
not reflect the physical deposition of micelles on the surface. b. Local maxima marked with red
arrows. Process conditions: T-57 steel panel substrate, 10% solid dispersion of epoxy resin
modified by amine and isocyanate at pH 5.5. a. Current density is 1.0, 0.85, 0.62, and
0.5 mA/cm2 for curves 1-4, respectively [16]. Used with permission (marks added).
pH needed for rapid coagulation and deposition of micelles to the substrate [5, 6]. These models
have the form of:
i2 τ = K

(2-1)

where i is the current density, 𝜏𝜏 is the induction time, and K is an empirical constant.

These models can be modified empirically to account for solution [8] and substrate [7]

properties. Although common, these models are unable to accurately predict coating thickness in
low current density areas [1, 4]. This suggests that physical mechanisms responsible for the
induction time are not completely understood.

Mechanisms of Induction Time
Notwithstanding the problems with modeling the induction time, much work has been
performed in understanding the mechanisms responsible for the induction time and the relation it
6

has to the electrocoating process. The mechanistic steps driving the induction time, and therefore
the electrocoating process, are identified as: (i) increase in local pH at the cathode due to
hydroxide ion (OH-) production; (ii) migration of charged micelles to the cathode surface; (iii)
discharge and coagulation of the micelles in response to local pH increase; (iv) elimination of
water from the deposited paint by electroosmosis; (v) film deposition on the metal substrate; and
(vi) further deposition upon already-deposited layers [6, 7, 9, 10].
Water decomposition at the cathode is described as [9]:
2H2 O + 2e− → H2 + OH − .

(2-2)

Migration of micelles towards the cathode is described as [9]:
u=

ϵζ
μ

E=

ϵζ dU

(2-3)

μ dx

where u is the migration velocity, 𝜖𝜖 is the permittivity of the solution, 𝜁𝜁 is the zeta potential of
the charged micelles, 𝜇𝜇 is the viscosity of the solution, E is the applied electric field, U is the

electric potential in solution, and x is the distance.

Epoxy-amine neutralization and subsequent film growth is described as [9]:
R − NH3+ + OH − → R − NH2 + H2 O

(2-4)

where R − NH3+ represents the charged, suspended epoxy-amine micelles and R − NH2 refers to

neutralized deposits on the substrate surface.

Production of OH- at the cathode has been modeled with the well-known Sand’s equation
to calculate the surface pH at the induction time which is typically 12 pH. A discussion on the
use of the Sand’s equation is provided in Appendix A.1. This value represents the critical pH
needed for rapid coagulation and deposition of micelles to the substrate. This clearly does not
agree with the observations made by Pierce [6] where deposition occurs before the
induction time.
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Other models have incorporated Equation 2-1 to predict the observed voltage and current
density behavior for porous and non-porous film growth. An extensive discussion is given in
Appendix A.2 and Appendix A.3. The model used to describe porous growth in a galvanostatic
system states that, once the induction time is reached, voltage increases proportionally to the
surface coverage in galvanostatic systems. It relies on two empirical constants to predict the
induction time and the rate of surface coverage. The model used to describe porous growth in a
potentiostatic system states that beyond induction time (𝜏𝜏), current density decreases
proportional to 1/√𝜏𝜏 . i.e. (i ~ 1/√𝜏𝜏).

Both models use empirical constants to calculate the induction time, leading to the

development of models in the form of Equation 2-1. Models in the form of Equation 2-1 only
quantitatively predict step (i) and qualitatively predict step (iii) and ignore all other identified
mechanistic steps. Furthermore, models in the form of Equation 2-1 cannot predict the deposition
time or provide insight into deposition mass or surface coverage. Additionally, Garcia [1] has
observed that a i ~ 1/𝜏𝜏 decrease in current density cannot explain the observed curve under
potentiostatic conditions shown in Figure 1b.
Vatistas [9] explains the local maxima observed in Figure 1b is a result of a collapse in
osmotic pressure which causes microagitation of the micelles close to the cathode and
consequently a higher current. The build-up of osmotic pressure is a result of partial packing of
the charged micelles and overlay of the double layers associated with each micelle. Thickness of
a partially compact region of micelles near the surface is approximated using Equation 2-3 and
applying the Poisson equation to a force balance of pressure and an applied electric field between
cathode and anode. Interestingly, this balance shows that larger coagulated micelles migrate
easier than small individual micelles. A more detailed explanation is provided in Appendix A. 4.
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However, the results are not incorporated into an overall model and do not provide any
information regarding the mechanisms responsible for deposition and induction times.

Surface Components and Film Morphology
The mechanisms previously presented focus on critical OH- concentration at the cathode
surface. However, they do not provide much detail on the interactions between components at
the cathode surface. These components include: partially discharged micelles, fully discharged
micelles, and H2 bubbles. A diagram of some surface components which influence film growth is
provided in Figure 2.
These surface components directly influence the morphology of the film and
electrocoating mechanisms [1, 5, 25, 26]. Techniques to investigate the effect of these surface
components have been developed utilizing convection [4, 5, 25].

Figure 2. Diagram of some surface components interacting at the surface [14]. Resin layer refers
to fully discharged micellular deposition. Surface components include: H2 bubbles, partially
discharged micelles, fully discharged micelles, and OH- ions. Note: partially discharged and
dispersed particles are not distinguished in this figure. Used with permission.
Beck [5] experimented with anodic electrocoating and implemented flow using a rotating
disk electrode (RDE). Beck asserts that discharge and coagulation of anionic micelles occurs as a
9

result of a critical proton, H+ ions, concentration in solution. In the mechanism proposed by
Beck, micelle coagulation occurs in the H+ boundary layer and can be calculated by:
x ∗ = δH+ �1 −

c +∗
H
co
H+

�

(2-5)

where 𝑥𝑥 ∗ is the distance from the anode where coagulation occurs, 𝛿𝛿𝐻𝐻 + is the thickness of the H+

boundary layer, cH+∗ is the critical H+ concentration, and cHo + is the H+ concentration in the bulk
solution.

Beck states that if the induction time is only a function of critical H+ concentration then
the induction time with convection should be proportional to the expression:
𝛿𝛿 2 ∗

𝜏𝜏 ~ 4𝐷𝐷𝐻𝐻 .

(2-6)

𝐻𝐻+

As the velocity of the convection increases, the H+ boundary layer thins, predicting a
shorter induction time. However, Beck observed an opposite trend indicating convection
increases the induction time as shown in Figure 3.
Beck explains this contradiction by considering nucleation phenomena. Beck states that
coagulation occurs only after long induction periods if the H+ ions concentration decreases to a
lower limit. At this lower limit, the probability of micelle clusters disintegrating is much higher
than the probability of forming a stable coagulate. Under convection conditions, the
concentration of H+ ions in the diffusion layer approaches this lower limit. In the case where H+
ions concentration falls below the lower coagulation limit, no stable coagulates form, preventing
deposition and causing no observable induction time. These observations can be translated to
cathodic electrocoating by considering OH- ions rather than H+ ions. Although informative, Beck
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Figure 3. Convection increases in the induction period in anodic galvanostatic conditions [5].
The inset in the top right corner indicates that the curves represent voltage (0-20 V) vs time
(1 – 2 min) data. The RPM of the RDE is denoted by n. As n increases, the induction period
extends. Used with permission.
explicitly states, coagulation and deposition only occur at a critical pH value and surface gas
bubbles should not influence the electrocoating process. Therefore, Beck only considers the
effect of convection on solution factors and does not the effect of surface components such as H2
bubbles and deposition during the induction period.
Vatistas [25] explored the effect of shear stress on the film thickness utilizing a rotating
cylinder electrode (RCE) and voltage ramp conditions. Vatistas estimates the shear stress at the
RCE as:
2μω

(2-7)

τe = 1−k2

where 𝜏𝜏𝑒𝑒 is the shear stress, 𝜇𝜇 is the viscosity of the e-coat dispersion, 𝜔𝜔 is the angular velocity
of the RCE, and k represents the RCE radius normalized to the radius of an external cylinder.

The voltage ramp used by Vatistas is shown in Figure 4a. Interestingly, current decreased
slower at higher RPMs than lower RPMS, as shown in Figure 4b. The shear rates at the electrode
surface are 5.0 and 75.0 s-1 for 20 and 300 RPM, respectively. These results are associated with a
decreased deposition rate at high shear stress. Vatistas postulates high shear stress removes
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loosely adhered film from the electrode surface and the apparent deposition rate is the difference
between a constant deposition rate and a variable removal rate. Furthermore, the compact micelle
layer near the cathode is described as an external layer composed of partially discharged micelles
and an internal layer of completely discharged micelles. High RPM limits the external layer
thereby reducing resistance, as shown in Figure 4c. Although interesting, the micelle layer
thickness and removal rate is not measured. Additionally, the effect of shear stress on surface H2
bubbles, OH- concentration, and film growth is not discussed.

Figure 4. Higher RPM rates are associated with higher shear stress and decreases e-coat
deposition rate. a. Voltage ramp conditions. b. Current decreases slower at higher shear stresses.
c. Higher shear stress reduces external compact micelle layer and reduces resistance [25]. Used
with permission.
Recently, Padash [4] demonstrated the influence of surface components on film
morphology and induction time with various substrate materials. Convection returned surface
components to initial conditions by pausing applied current and mixing the e-coat solution
during the induction period. The results clearly indicate that pH is not the only factor effecting
the induction time. The induction time may also be influenced by local current density variations
due to initial deposition and H2 bubbles. Additionally, it was observed that more H2 bubbles
adhere to the surface of galvanized steel and not bare steel. Although not fully investigated, the
preferential adherence of surface H2 bubbles to galvanized steel compared to bare steel is likely
influenced by lower surface energies and zinc-layer defects. These results are shown in Figure 5.
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Figure 5. Higher RPM is associated with higher shear stress and decreases e-coat deposition rate.
The shear rates at the electrode surface are 5.0 and 75.0 s-1 for 20 and 300 RPM, respectively.
a. Induction time does not significantly increase after interruption indicating surface components
influence the induction time. b. Many H2 bubbles adhere to the surface of galvanized steel during
electrocoating. c. Few H2 bubbles adhere to the surface during bare steel electrocoating [4]. Used
with permission.
This has provided foundational work in tying the observed induction time with physical
mechanisms. However, information on the time of deposition, deposition of micelles on the
substrate, surface coverage, or the mechanisms underlying initial deposition are not discussed.
Therefore, more work needs to be done in understanding the complexity of surface interactions
on film morphology.
In conclusion, present models focus on predicting the induction time and ignore key
equations and underlying mechanisms, such as initial deposition and film growth. Further insight
into the underlying mechanisms has been explored by investigating the influence of surface
components such as H2 bubbles and a compact micelle layer [1, 9, 25, 26], but are not
completely understood. Gaps of knowledge exist in understanding the mechanisms responsible
for initial micelle deposition and film growth. Utilizing convection could be a powerful tool to
study the influence of surface components during the induction period.
13

3

EXPERIMENTAL

This chapter describes the experimental materials and methods used to study factors
influencing electrocoating processes. This chapter is divided into four sections. These sections
are materials, experimental apparatus, coating procedures, and physical characterizations.

Materials
Experiments were designed using both model and industrial e-coat dispersions. The
model e-coat dispersion was provided by PPG Industries, Inc. and the industrial e-coat was
provided by Axalta. The model e-coat dispersion did not contain pigment or other additives. The
model e-coat dispersion was diluted with deionized water to 15% solid content. The model ecoat dispersion properties are: 65.7 % degree of neutralization, 1600 μS/cm conductivity, and a
pH of 5.4. The model e-coat dispersion was charged with sulfamic acid. The components of the
industrial e-coat are proprietary. Therefore, industrial e-coat dispersion properties are assumed to
be similar to the model e-coat dispersion.
A527/A653 galvanized steel (Metal Depot), A366 bare steel (Metal Depot), unpolished
CRS phosphated steel (ACT), and 6022T43 CRS aluminum (ACT) were used as metal
substrates. Galvanized steel and bare steel sheets were solvent washed with acetone, ethanol, and
deionized water as described by Padash [4] before electrocoating. Phosphated steel sheets were
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washed with acetone before electrocoating. Aluminum sheets were pretreated in a phosphoric
acid solution and washed with ethanol as described by Cerezo [27] before electrocoating.

Experimental Apparatus
Surface and solution factors which influence the induction time were tested using three
different electrochemical cells. The electrochemical cells used were a closed-channel flow cell,
an open-channel cell, and an anionic exchange membrane (AEM) cell. Model e-coat dispersion
was used in each of these cells. The design of each cell was used to test the influence of solution
and surface factors on the induction time. Additionally, an industrial electrocoating cell was used
for all experiments using the industrial e-coat dispersion. Detailed specifications of each
electrochemical cell is provided in the subsequent subsections.

3.2.1

Closed-Channel Electrochemical Flow Cell
The effect of convection during the induction period of electrocoating was tested with a

user-built, closed-channel electrochemical flow cell. The flow cell was designed to simulate the
industrial process by operating within a range of wall shear rates representative of the industrial
automotive electrocoating process. Typical industrial automotive electrocoating shear rates were
estimated to be 0 – 140 s-1 inclusive of the shear rate range investigated by Vatistas [25].
A 15.25 cm channel with a 0.25 cm2 square cross-section was constructed by milling a
7 x 3 x 0.75 inch (17.78 x 7.62 x 1.91 cm) acrylic sheet. Approximately 8.4 cm downstream from
the inlet, the channel walls were precisely notched by 0.1 cm for 6.35 cm to allow the electrodes
to sit flush with the channel walls. A specialized lid with 1.2 x 6.35 cm slits was cut with CO2
laser to situate exactly over the notched walls using a 7 x 3 x 0.25 inch (17.78 x 7.62 x 0.64 cm)
acrylic sheet. Approximately 3 L of the model e-coat dispersion was securely placed 1 m above
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the flow channel in a 9.75 inch (24.77 cm) diameter storage tank. The e-coat dispersion was
heated in the tank with a submerged 1000 kW solenoid heater controlled by a variable
transformer, see Figure 6.

Figure 6. Closed-channel electrochemical flow cell. a. Top-view diagram of closed-channel
electrochemical flow cell. (top) Flow channel length and width with notched section for
electrode placement. Flow channel depth is 0.5 cm. (bottom) Specialized lid with slits to
securely hold electrodes. c. Laboratory setup of closed-channel electrochemical flow cell.
Flat plate electrodes sit flush against the flat walls of the flow channel. The flow channel
was gravity fed to ensure constant, non-pulsating convection. A stopcock located near the tank
exit turned convection on or off, and a globe valve between the stopcock and the flow channel
was used to adjust the flow rate. The hydrostatic head was sufficiently high to maintain constant
convection the maximum duration (~600 s) of experiments.
At a maximum electrode surface shear rate of 140 s-1 the volumetric flow rate was
1.67 ml/s with a calculated Reynolds number of 440. At this flow rate, the laminar entrance
length was calculated to be 7.6 cm. At lower flow rates the entrance length diminishes. Therefore
for all applied flow rates, laminar flow was fully-developed before reaching the electrodes. Exit
lengths were not considered in the design, but the exit was situated 0.5 cm from the end of the
electrodes to avoid any irregularities.
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3.2.2

Open-Channel Rectangular Electrochemical Cell
The open-channel electrochemical cell was designed to provide an uniform current

distribution during electrocoating. The open-channel electrochemical cell had a rectangular box
geometry and was constructed from acrylic sheets. The cell dimensions were 13 x 5 x 8 cm. The
working volume of the cell was 390 ml which provided a 3.25 cm space at the top of the cell to
connect electrical leads to the electrodes. An electrode, 5 x 8 cm, was placed at each end of the
cell with a third electrode placed in the middle of the cell, 6.5 cm from each edge. The middle
electrode acted as the cathode and the end electrodes acted as anodes. The cell was equipped
with a Teslong NTCM55S submergible camera placed approximately 1 cm from the cathode.
This camera enabled optical video recording of the substrate surface during experiments. For
convection experiments, a OS20-S DragonLAB overhead mixer with four 1 inch (2.5 cm) blades,
was placed equidistant between the electrodes 3 cm above the floor of the cell. The mixer
operated at 700 RPM and generated vorticial convection. The open-channel cell is shown in
Figure 7.

Figure 7. Open-channel electrochemical cell. The cell had a rectangular box geometry. The
dimensions were 13 x 5 x 8 cm with a working volume of 390 ml. A submergible camera and an
overhead mixer can be equipped for specialized experiments.
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3.2.3

Anionic Exchange Membrane (AEM) Electrochemical Cell
The AEM cell consisted of two compartments separated by an AEM. The two

compartments corresponded to the anode and the cathode. The anodic compartment was a
1 x 2 x 2.5 in (2.54 x 5.08 x 6.35 cm) acrylic top-open rectangular box. On the front face of the
anodic compartment a 1 in (2.54 cm) diameter circle was cut with a CO2 laser cutter. A 1 in
diameter x 3 in (7.62 cm) schedule 40 PVC pipe was cemented flush with the inside wall of the
anodic compartment. Similarly, the cathodic compartment was a 1.5 x 2 x 2.5 in
(1.27 x 5.08 x 6.35 cm) acrylic top-open rectangular box with a 1 in diameter x 3 in schedule 40
PVC pipe cemented flush with the inside wall of the cathodic compartment. The larger size of
the cathodic compartment relative to the anodic compartment allowed a pH probe to be inserted
into the cathodic compartment. The anodic and cathodic compartments were joined with a
threaded 1 in PVC pipe union with a 1.25 in (3.18 cm) diameter Fumasep FAA-3-PK-75 AEM
membrane placed between the adjoining compartments. The larger diameter of the AEM
completely sealed the 1 in diameter PVC pipe preventing compartment leakage. The AEM cell is
shown in Figure 8.

Figure 8. The AEM cell consists of an anode compartment and a cathode compartment joined by
a PVC union containing an AEM.
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3.2.4

Industrial Electrocoating Cell
The industrial electrocoating cell was designed similarly to the open-channel rectangular

cell. A top-open 15 x 10 x 15 cm rectangular box was constructed with polycarbonate. The cell
had a working volume of ~ 2 L. A 5 cm magnetic stir bar is used to mix the industrial e-coat
dispersion between experiments at ~500 RPM. A Teflon rig is used to securely hold two 5 x
8 cm electrodes above the magnetic stir bar. The electrodes are held ~1.5 cm apart. The industrial
electrocoating cell is shown in Figure 9.

Figure 9. Industrial electrochemical cell. Similar design to open-channel rectangular cell.
Electrodes do no sit on the bottom and are instead attached to a Teflon rig and submerged in the
e-coat dispersion. Electrode spacing is ~1.5 cm.
3.2.5

Potentiostat and Power Supply
A Princeton Applied Research (PAR) 273A potentiostat and a Tektronix Keithley 2230B

power supply were used to apply an electric field with model e-coat dispersion experiments. The
PAR 273A interfaced with M270 software was used as the main instrument. However, the
PAR 273A is limited to a working voltage of 10 V. Therefore, for experiments requiring higher
voltage output, the 2230B power supply with a maximum voltage output of 800 V was used with
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a user-built LabVIEW interface. The user-built LabVIEW virtual instrument (V.I.) subroutine is
provided in Appendix B.1. These instruments are shown in Figure 10.

Figure 10. A PAR 273A potentiostat with M270 software (a) and a Tektronix Keithley 2230B
power supply with a user-built LabVIEW interface (b) was used to apply and electric field and
measure the electrical response for model e-coat dispersion experiments. The PAR 273A was
limited to a working voltage of 10 V. Therefore, the Tektronix Keithley 2230B power supply
was used for all experiments requiring a higher voltage output.
A B&K Precision 9185B power supply was used to apply an electric field with industrial
e-coat dispersion experiments and had a maximum voltage output of 300 V. The 9189B power
supply used a user-built LabVIEW interface.

Electrocoating Procedures
Each electrochemical cell design required a unique electrocoating procedure. The
electrocoating procedure used for each cell is described in the following subsections.

3.3.1

Closed-Channel Electrochemical Flow Cell
Closed-channel flow experiments were performed at volumetric flow rates of 0, 0.83,

1.25, and 1.67 ml/s corresponding to wall shear rates of 0, 70, 105, and 140 s-1, respectively. The
applied current densities varied between 0.33, 0.5, and 0.67 mA/cm2. The exit temperature of the
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closed-channel electrochemical flow cell was maintained at 32 ± 1 ⁰C for all experiments. A

thermometer placed in the center of the exit stream measured the temperature. It was assumed
this temperature accurately represented the flow channel temperature since the minimum wall
thickness is 0.25 inches (6.35 mm) and the retention time varied 2.28 s – 4.6 s at the specified
flow rates.
Electrodes, 6 x 5 cm, were cut from the metal sheets and were partially insulated with
polyvinyl tape leaving a 6 x 0.5 cm exposed area on one side of each panel. Electrodes were
inserted through the top of flow channel as previously described. Common plumber’s putty
placed around the electrodes firmly holds the electrodes in place and prevents leakage. The
appropriate volumetric flow rate was manually obtained by draining the flow channel into a
graduated beaker, measuring elapsed time with a stopwatch, and adjusting the globe valve.
Depending on the experiment, convection was then shut off using the stopcock or allowed to
continue as the current corresponding to the appropriate current density and the duration were set
in the software. Current was then applied and the voltage response was measured every 0.1 s
and, if appropriate, convection was reapplied at a specific time using the stopcock. The induction
time was calculated from the voltage/time data.
Upon completion of each experiment, the electrodes were removed and cathode was
rinsed with DI water to remove non-deposited e-coat dispersion. The anode was visually
inspected and reused in future experiments until the luster of the surface diminished,
approximately 25 experiments. The diminished luster of the anode surface likely suggested
corrosion of the zinc-layer of the galvanized steel electrode. Therefore, the anode was replaced to
maintain consistency between experiments and prevent contamination of the e-coat solution with
corrosion products.
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3.3.2

Open-Channel Rectangular Electrochemical Cell
The open-channel electrochemical cell uses a three electrode arrangement. The electrodes

located at each edge of the cell act as anodes and the center electrode acts as the cathode during
experiments. The backside of each anode was insulated with polyvinyl tape. The cell was filled
with e-coat dispersion or a salt solution and a VWR water bath was used to maintain the
temperature at 32 ± 1 ⁰C. Similar to the closed-channel flow cell, constant current densities of

0.33, 0.5, and 0.67 mA/cm2 were applied and the voltage response was recorded every 0.1 s. As
appropriate, vorticial convection was produced with the overhead mixer and video of the cathode
surface was recorded with a submergible camera. Similar to the closed-channel flow cell, the
cathode was rinsed with DI water and each anode was visually inspected after each experiment.
The anodes were replaced when the luster of the surface diminished, after about ~ 25 samples
had been tested.

3.3.3 Anionic Exchange Membrane Electrochemical Cell
The AEM electrochemical cell features an anode and cathode compartment separated by
an AEM. The AEM was cut into 1.25 in (3.18 cm) diameter circles using an artist stencil and an
XACTO knife. Since the AEM was delivered in a bromide (Br-) form, the AEM was pretreated
to replace the Br- with the anion of choice following the manufacturer’s instructions. This was
done by soaking the AEM for at least 24 hours in a 1 M salt solution containing the anion of
choice. Since the sulfamate anion was present in the e-coat dispersion, the AEM was pretreated
with a 1 M sodium sulfamate solution. The AEM was removed from the pretreatment solution
and soaked in DI water for 10 minutes immediately before use.
The AEM cell was then assembled by placing the AEM inside the 1 in (2.54 cm) PVC
union, completely sealing the 1 in (2.54 cm) diameter cross-section of the anode and cathode
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compartments. The PVC union was then tightened to prevent leakage. The anode compartment
was filled with e-coat dispersion and the cathode compartment was filled with a salt solution.
Each solution is preheated to 32 ± 1 ⁰C before use. The AEM cell was then lightly tapped to

remove air bubbles from each compartment. Galvanized steel electrodes, 5 x 8 cm, were partially
insulated with polyvinyl tape to expose a 1 in diameter circle. The electrodes were then inserted
into each compartment, as diagrammed in Figure 11.

Figure 11. Diagram of assembled AEM cell.
The AEM was placed in a VRW water bath to maintain the temperature at 32 ± 1 ⁰C. A

pH probe was inserted between the cathode and the PVC section of the cathode compartment.
Constant current density of 1.0 mA/cm2 was then applied to the cell and the voltage response
was recorded every 0.1 s. Upon completion of each experiment, the electrodes and pH probe

were removed and each compartment was drained. The PVC union was then gently unthreaded
and the AEM was removed and rinsed with DI water.

3.3.4

Industrial Electrochemical Cell
The industrial electrochemical cell was operated similar to the open-channel rectangular

cell. Electrodes, 5 x 8 cm, were cut from phosphated steel and aluminum metal sheet. An
aluminum electrode was used as the anode for each experiment. Electrodes were partially
23

insulated with polyvinyl tape to expose a 16 cm2 on one side of each electrode. The electrodes
were attached to a Teflon rig with the exposed area of each electrode facing each other. The
Teflon rig securely held the electrodes ~1.5 cm from each other and the rig was lowered into the
industrial e-coat dispersion submerging the exposed area of each electrode in the e-coat
dispersion. Electric leads were then attached to the anode and cathode, respectively, and
electrocoating was performed at various conditions. The conditions tested were 1.0, 0.75, and
0.5 mA/cm2 and 1.0, 0.5, 0.125 V/s linear voltage ramp. The industrial e-coat dispersion was
maintained at a 32 ± 1 ⁰C with a water bath. Following electrocoating, the cathode was removed
and rinsed with DI water to remove non-deposited e-coat dispersion. Similarly to the open-

channel rectangular cell, the anode was visually inspected after each experiment and replaced
when the luster of the surface diminished, ~ 50 samples.
Unlike the model e-coat used in all other electrochemical cells, the industrial e-coat
needed to be consistently mixed between experiments to prevent separation of the dispersion
components. Therefore, a magnetic stir bar was placed at the bottom of the industrial cell and
operated at 500 RPM for at least 30 s between each experiment. The magnetic stir bar remained
below the electrodes during electrocoating experiments to prevent interference.

Physical Characterization
Various techniques are used to analyze factors influencing e-coat deposition and the
subsequent induction time. These included measuring e-coat dispersion and micelle size;
deposition mass, thickness, and density; induction time; film resistance and resistivity; and
surface coverage fraction. In addition, current distribution simulations for surface H2 bubbles and
initial deposition were used to understand local current density changes during the
induction period.
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3.4.1

E-Coat Dispersion and Micelle Size
A Shimadzu PharmaSpec UV-1700 UV-VIS Spectrophotometer was used to measure

e-coat dispersion concentration. Concentration was determined using the Beer-Lambert Law:
A = 𝜖𝜖cl

(3-1)

where A is the absorbance of the e-coat dispersion, 𝜖𝜖 is the extinction coefficient, c is the
concentration of the e-coat dispersion, and l is the optical path length.

For all experiments, DI water was used as a reference and plastic cuvettes with an optical
path length of 1 cm were used. The absorbance spectrum of the model e-coat was measured at
1:10000 dilution factor. A peak absorbance was observed at 277 nm. A nine-point calibration
curve was constructed for model e-coat concentrations of 0, 8, 9, 13, 19, 25, 28, 30, and
38 𝜇𝜇g/ml at a 1:10000 dilution ratio. From these data, the extinction coefficient was calculated to
be 0.0186 𝜇𝜇g/(ml cm) for the 1:10000 dilution. This extinction coefficient was used to determine
the e-coat dispersion concentration of various solutions from absorbance data.

Micelle size was measured using dynamic light scatting techniques. A Malvern
Panalytical Zetasizer Nano ZS90 was used to measure the hydrodynamic radius of suspended
particles. The hydrodynamic radius is calculated from Stokes-Einstein equation:
k T

B
D = 6πηr

(3-2)

where D is the measured diffusion constant, kB is the Boltzmann’s constant, T is the absolute
temperature, 𝜂𝜂 is the dynamic viscosity, and r is the radius of the spherical particle.

Before measuring, e-coat dispersion samples were diluted 1:2000 with DI water, relative

to a 15.12 𝜇𝜇g/ml e-coat dispersion. Plastic cuvettes with an optical path length of 1 cm were used
for all measurements. Average hydrodynamic radius from three measurements was used to
represent micelle size in solution.
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3.4.2

Film Mass, Thickness, and Density
The mass of the cathode panels was recorded before deposition. After deposition, the

cathode panels were dried at room temperature for at least twelve hours. The dry mass was then
recorded and the difference between the post-deposition and pre-deposition cathode masses
corresponds to the dry mass of the deposit. The same procedure was used to determine
deposition mass on AEMs.
The film thickness of industrial samples was measured to estimate film density and
resistivity. Three techniques were used to measure film thickness of industrial samples. The three
methods were 3D profilometry, stylus profilometry, and cross-section mounting. The film
density was then estimated by dividing the mass of each film by the total surface area and
average film thickness.
3D profilometry thickness measurement were performed with a Bruker Contour Elite X
3D optical profilometer equipped with Vision64 software. 3D profilometry is an optical
microscope technique used to construct a 3-dimensional image from many 2-dimensional images
captured with an adjustable z-axis camera. At each height step, the camera captures an image and
builds a 3-dimensional model, see Figure 12.

Figure 12. 2D (a) and 3D (b) profilometry data. Conditions: industrial e-coat, aluminum,
1.0 mA/cm2 current density, 20 s deposition time.
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The Vision64 software used a built-in algorithm to calculate S-parameters. The Sz value
represented the average of the absolute difference between the highest five points and the lowest
five points. This was determined to be the most accurate film thickness estimation. 3D
profilometry was advantageous because the sample is not damaged during measurement.
However the sample zero-height value, changed between samples which led to inconsistent
height measurements between samples.
Stylus profilometry measurements were performed using a Surtronic DUO. A Surtronic
DUO is a hand-held instrument with a small diamond tipped stylus that moves across a surface
and measures changes in sample height. Thickness was measured by placing the Surtronic DUO
on the sample surface and simply pressing the ‘measure’ button. The Rt value was used to
measure e-coat thickness. Rt is similar to Sz, but represents the difference of the absolute
maximum and minimum heights. The Surtronic DUO measures 4 mm at a time and has height
range of 40 𝜇𝜇m. The Surtronic DUO had a more consistent zero baseline, but the moving tip can

potentially damage the surface of interest during measurement leading to undermeasured values.
Cross-section mounting is an optical thickness measuring method. Samples were cut
across a region of deposition. The samples were then held in place by an epoxy mount and the
cross-section was examined using an optical microscope, as shown in Figure 13.

3.4.3

Induction Time Definition
The induction time was determined from the collected voltage vs time data. The

induction time was defined as the time when the first-order numerical time-derivative of the
voltage increases by a factor of 5 for 0.67 and 0.5 mA/cm2 current densities and by a factor of 3
for 0.33 mA/cm2 current density within a 5 s moving window.
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Figure 13. Optical microscope images of cross-section mounted industrial e-coat samples. a. 20 s
deposition time, b. 100 s deposition time. Conditions: industrial e-coat, phosphated steel, 1.0
mA/cm2 current density.
3.4.4

Film Resistance and Resistivity
Film resistance and resistivity are important parameters in industrial electrocoating and

were used to understand film growth and morphology for industrial samples. Film resistance was
calculated from voltage and current data using Ohm’s Law (V = IR) for industrial samples. From
film resistance, film resistivity was calculated by dividing the film resistance by the average film
thickness and multiplying by the substrate surface area.

3.4.5

Measurement of the Surface Coverage Fraction
The deposited film was examined with a scanning electron microscope (SEM). In

scanning electron microscopy, high energy electrons are focused into a beam and interact with a
sample. The interactions are commonly detected as secondary electrons or backscattered
electrons. Secondary electrons are low energy electrons that are ejected from sample due to
inelastic scattering interactions with the beam electrons. Alternatively, backscattered electrons
are high-energy electrons originating from the electron beam that are reflected away from the
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sample by elastic scattering interactions. Heavy elements such as substrate metal reflect more
strongly than light elements such as epoxy-resin leading to brighter and darker regions,
respectively.
A Verios G4 UC SEM equipped with an Everhart-Thornley secondary electron detector
(ETD) and an Elstar backscattered electron detector (MD) was used to study non-industrial
samples. The Verios was operated at 10 kV and 0.1 nA.
The MD produces a higher contrast image and pixel color is unaffected by sample
charging. These advantages enable more accurate measuring during post-processing of each
image and is ideal for measuring surface coverage fraction when morphology is not a concern, as
shown in Figure 14.

Figure 14. MD images (a) provided higher contrast images which were unaffected by pixel
saturation due to sample charging compared to ETD images (b). Conditions: galvanized steel,
0.5 mA/cm2, 0 ml/s, and 0.6 normalized time. Microscope settings: 10 kV and 0.1 nA at
500x magnification.
Surface coverage fraction is measured by imaging random surface locations at 200x
magnification. Four areas of each panel are imaged using the MD. Images are processed using
MATLAB. The images are segmented using the built-in imbinarize function [19] . Adaptive
thresholding is toggled on with bright foreground polarity at a sensitivity of 0.7. For some
images the sensitivity is manually adjusted between 0.4 – 0.7 for more accurate segmentation.
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Under these parameters, e-coat deposits are represented as unsaturated pixels. The unsaturated
pixels are counted and divided by the total number of pixels, which represents the fraction of
each image covered by deposited e-coat. Segmentation of Figure 14a is shown in Figure 15.
Segmentation MATLAB script is provided in Appendix B.2.

Figure 15. Surface coverage fraction is calculated from segmented SEM MD images.
(a) Pre-segmented image. (b) Post-segmented image. Conditions: galvanized steel, 0.5 mA/cm2,
0 ml/s, and 0.6 normalized time. Microscope settings: 10 kV and 0.1 nA at 500x magnification.
3.4.6

Local Current Density Simulation Procedure
Experimental results suggest surface H2 bubbles and initial deposition affect the

induction time by influencing the substrate current distribution. Therefore, the secondary current
distribution was simulated to understand the influence of surface H2 bubbles and initial
deposition on the local current density of a galvanized steel cathode. This was done by solving
the current conservation equation, ∇ ⋅i = 0, for a geometry representing the bulk e-coat dispersion
and the substrate surface.

The simulation geometry was approximated from SEM images of film growth on
galvanized steel. Film pores were attributed to surface H2 bubbles as described by Padash [4].
From these images, the average bubble geometry was approximated as a 10 𝜇𝜇m radius

hemisphere with an average distance between bubble centers of 55 𝜇𝜇m. Initial deposition
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geometry was approximated by tracing cylinders and rectangular prisms around deposits to
actual dimensions directly from SEM images using Autodesk AutoCAD 2019. The geometries
used for surface H2 bubbles and initial deposition current distribution simulations are shown in
Figure 16.

Figure 16. Simulation geometries for (a) adhered surface H2 bubble and (b) initial deposition. a.
E-coat dispersion is modeled as a cylinder 5.5 mm in length and 55 𝜇𝜇m diameter. Surface H2
bubble modeled as a hemisphere with a 10 𝜇𝜇m radius. b. E-coat dispersion is modeled as a
rectangular prism 5.5 mm x 1.04 mm x 0.687 mm.
For all simulations, the e-coat dispersion was modeled with 1600 𝜇𝜇S/cm conductivity.

Current density was modeled at the cathode with Tafel kinetics, i = -i0𝑒𝑒 −

𝛼𝛼𝑐𝑐 𝐹𝐹𝐹𝐹
𝑅𝑅𝑅𝑅

, where values of i0

and 𝛼𝛼𝑐𝑐 are 3.3 mA/cm2 and 0.77, respectively. These values corresponded to H2 evolution

kinetics of a galvanized electrode developed by Herraiz-Cardona [28]. Assuming a zinc metal
reference electrode was used, the overpotential, 𝜂𝜂, in the Tafel equation simplifies to the negative
potential in solution. The current density was specified 5.5 mm away from the cathode and

represents the uniform current density applied during galvanostatic experiments. The current
conservation equation was solved using COMSOL Multiphysics 5.3 using default solver setting
with an extremely fine mesh. From these results, the secondary current distribution was obtained.
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4

EFFECT OF CONVECTION ON INITIAL DEPOSITION AND HYDROGEN
BUBBLES

This study focuses on the effect of initial deposition and surface H2 bubbles during the
early induction period using convection. Convection of e-coat solution during electrocoating is
implemented to study the behavior of initial deposition on the substrate surfaces. Experimental
results show convection decreases the e-coat deposition rate during galvanized steel
electrocoating and displaces surface H2 bubbles. However, this effect is only observed when
flow is applied early. Simulation results show increased local current density around surface H2
bubbles likely influences film growth. The local current density is also influenced by initial ecoat deposition. Deposits have been shown to initiate at locations on the surface where the
current density is locally high. One example of this is ‘ring-like’ deposits that form around
bubbles on galvanized steel substrates. Simulations of the current distribution validate the role of
the local current density. These results provide an increased understanding of fundamental
processes responsible for initial deposition and will submitted for publication in a
peer-reviewed journal.

Effect of Flow on Galvanized Steel Electrocoating
As previously discussed, the effect of convection on the induction time has been
attributed to interference of solution processes [5, 25]. This work used convection to probe
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factors at the cathode surface in order to better understand the effect of initial deposition and
surface H2 bubbles on the induction time [4].
The effect of convection on the induction time for galvanized steel undergoing deposition
at various current densities and flow rates was measured to determine its influence on the
induction time. Electrocoating of galvanized steel was performed at combinations of each current
density and each volumetric flow rate. The induction time for each experiment was normalized
to the non-convection induction time for each current density. The non-convection induction
times were 96.5 ± 1.52 (SE), 44.8 ± 1.32 (SE), and 32.3 ± 1.41 (SE) s for current densities of
0.33, 0.5, and 0.67 mA/cm2, respectively. As the flow rate increases, the induction period

extends. Interestingly, convection has a greater effect at lower current densities. This is apparent
by comparing the normalized induction time for each current density at each flow rate as shown
in Figure 17.

Figure 17. Convection increases the induction period at low current densities for galvanized
steel. Induction times are normalized to the non-convection induction time for each current
density. The induction times are 96.5 ± 1.52 s, 44.8 ± 1.32, and 32.3 ± 1.41 for current densities
of 0.33, 0.5, and 0.67 mA/cm2, respectively. Error bars represent standard error calculated from
triplicate experiments.
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These results support observations from others studies [6, 18] and suggest flow
influences electrocoating by slowing down or eliminating mechanisms responsible for the
induction time. At lower current density and higher flow rates, convection has a greater effect on
the induction period. The effect of convection on initial deposition and surface H2 bubbles is
studied to understand this phenomena.
Since Padash [4] observed that initial deposition influences the induction time, the mass
of the initial deposition was measured with and without convection. This was done to
quantitatively determine if convection influences mechanisms responsible for initial deposition.
These experiments were performed at a current density of 0.5 mA/cm2 and flow rates of 0 and
1.67 ml/s. Mass deposition linearly correlates with and without convection. Therefore, a linear
regression model was used calculate the apparent mass deposition rate (mg/cm2 s). A good fit
was obtained for each of the two cases as evidenced by R2 values greater than 0.9. When
deposition was initiated in the presence of flow at a rate of 1.67 ml/s, the mass deposition rate
decreased by a factor of ~3 and the induction period increased by a factor of ~2.2 as shown in
Figure 18.
Each mass data point in Figure 18, represents a different sample where the deposition
was stopped at a specific time in order to make the measurement. Therefore, it is important to
note that each mass data point is associated with a unique voltage/time curve. Variation in the
voltage/time curves can lead to variation in the measured mass. Therefore, the voltage/time curve
for each mass data point measured in Figure 18 is shown in Figure 19.
These results show that the voltage/time curves for each mass data point in Figure 18
exhibited little variation and demonstrates good reproducibility. Therefore, these results indicate
the onset of deposition and the induction time are separate events and deposition occurs during
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Figure 18. Convection decreases the deposition rate and increases the induction period compared
to non-convection at 0.5 mA/cm2 current density. Conditions: a. 0 ml/s b. 1.67 ml/s flow rate.

Figure 19. Voltage/time curves for each mass measurement in Figure 18. These curves exhibit
little variation which demonstrates good reproducibility. Conditions: galvanized steel substrate,
0.5 mA/cm2 current density, a. 0 ml/s b. 1.67 ml/s flow rate.
the induction period consistent with Padash’s [4] observations. Additionally, these results
suggest convection disrupts mechanisms responsible for mass deposition. Furthermore, it follows
that the observed change in the deposition mass rate with convection likely influences the
induction time. Therefore, the initial deposition was further investigated by examining the
surface coverage fraction during the induction period.
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Critical Surface Fraction Coverage
The effect of surface coverage during the induction period was measured to quantify the
influence of initial deposition on the induction time. Experiments were performed at each current
density without convection using galvanized steel. For these experiments, the open-channel
electrochemical cell was used with the Tektronix Keithley 2230B power supply. Normalizing the
time to the induction time for each current density shows a consistent trend as shown in
Figure 20.

Figure 20. Normalizing the induction period to the induction time for each current density shows
a consistent trend for each current density. The induction period is normalized to the induction
time for each current density. The induction times are 96.5 ± 1.52 s, 44.8 ± 1.32, and 32.3 ±
1.41 s for current densities of 0.33, 0.5, and 0.67 mA/cm2, respectively. Error bars represent
standard error calculated from triplicate experiments.
At a normalized time of ~ 0.6, the surface coverage fraction begins to rapidly increase for
each current density. Combining these results with the linear mass deposition rate observed in
Figure 18a, provides insight into film growth during the induction period. The e-coat initially
deposits in small localized areas. Early during induction period the surface coverage fraction
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increases only slightly, but the mass deposition rate remains constant. This implies that film
growth slowly spreads over the surface with most of the film growing in small localized areas,
likely increasing the film thickness in these areas. As the surface coverage fraction increases, the
film growth begins to change with most of the growth spreading over the surface. Interestingly,
the growing film reaches nearly complete surface coverage at the induction time; hence, the
rapid voltage change observed at this time is a result of the nearly complete surface coverage of
the substrate as expected. Furthermore, these results suggest that at 0.6 normalized time the local
current density is high enough that the surface coverage fraction rate transitions leading to an
increase in film growth on the surface.
The shear stress at the substrate due to convection can be used to study the importance of
the observed surface coverage fraction transition point. The results shown in Figure 17 and
Figure 18 show that flow interrupts the normal growth processes. The impact of flow applied at
different times during the induction period was next investigated. This was done to determine the
influence of processes, such as initial deposition, that take place during the induction period prior
to the initiation of flow. Of particular interest was the importance of the observed surface
coverage fraction. The time at which convection was applied during the induction period is
termed the disruption time. The disruption time and the corresponding induction time for each
experiment were normalized to the non-convection induction time for each current density. As
shown in Figure 21, the effect of convection decreased as the disruption time (normalized time at
which the flow was initiated) increased. There is a direct relationship between the disruption
time and the surface coverage fraction since the time scale is equivalent (see Figure 20). Near the
previously observed transition point ~0.6 normalized time (Figure 20), the convection effect is
nearly eliminated for each current density as shown in Figure 21.
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Figure 21. Convection does not affect the induction time when applied after 0.65 normalized
time. Induction times are normalized to the non-convection induction time for each current
density. The induction times are 96.5 ± 1.52 s, 44.8 ± 1.32, and 32.3 ± 1.41 s for current
densities of 0.33, 0.5, and 0.67 mA/cm2, respectively. Error bars represent standard error
calculated from triplicate experiments.
These results verify the importance of surface coverage fraction during the induction
period. They also suggest that as the surface coverage fraction begins to rapidly increase, surface
factors disrupted by convection no longer influence the induction time. However these results do
not explain why convection extends the induction time when applied early. Padash [4] observed
that surface H2 bubbles may influence the induction time. Therefore, the influence of surface H2
bubbles was studied using convection.
Effect of H2 Bubble Formation on Induction Time
The previous results suggest that beyond the 0.6 normalized time transition point, surface
coverage fraction dominates surface factors leading to the induction time. However, these results
do not explain the mechanisms responsible for the extended induction period observed when
convection was applied early, less than 0.6 normalized time. This could be a result of surface H2
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bubble adherence at different current densities during the induction period. Padash [4] observed
that H2 bubbles adhering to the substrate surface may influence the induction time. Since
convection generates a shear force at the cathode surface, it is likely that it will influence H2
bubble formation and surface adhesion. Therefore, convection was used as a probe to investigate
the impact of surface H2 bubbles during the induction period.
In situ observation of bubbles provides a qualitative understanding of the influence of
convection on surface H2 bubbles during the induction period. For these experiments, the openchannel electrochemical cell was used because it is not possible to place our submergible camera
in the 0.25 cm2 cross-section of the flow channel. The opacity of the e-coat dispersion does not
allow clear optical observation of the cathode. Therefore, a transparent sodium sulfamate
solution was used as a substitute for the e-coat dispersion. The sodium sulfamate solution had a
conductivity of ~1550 𝜇𝜇S/cm and a pH of 5.7, similar to the properties of the e-coat dispersion,

which also used sulfamate anions. This approach is also limited since no deposits form during
observation. However, the optical observation of bubble behavior on the surface of metal

substrates in the sodium sulfamate solution was assumed to give at least an approximate view of
H2 bubble evolution and surface adherence in the e-coat dispersion.
In situ videos of H2 evolution and surface adherence of H2 bubbles on galvanized steel
and bare steel surfaces in a 20 mM sodium sulfamate salt solution were captured with the
submergible camera in the open-channel electrochemical cell. Convection was initiated either
before or after applying a current density of either 0.33 or 0.67 mA/cm2. As evident from image
stills of the recorded videos, H2 bubble displacement varied significantly with substrate material
and as a function of the time at which convection was applied. For galvanized steel, many H2
bubbles adhered to the surface and were displaced only when convection was initiated before
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current was applied. In contrast, few H2 bubbles adhered to the bare steel surface and were
displaced whenever convection was generated as shown in Figure 22.
These results suggest that convection prevents surface H2 bubbles from adhering during
the induction period of galvanized steel electrocoating. Thus, reduction of H2 bubbles on the
galvanized surface with convection is likely responsible for extending the induction period
observed in Figure 17 and the time-dependent application of convection observed in Figure 21,
although other factors may also contribute to some extent.
Since fewer H2 bubbles adhere to the bare steel surface and they are easily displaced with
convection (Figure 22), bare steel convection experiments were designed as a method to study
the electrocoating process without bubbles. This was used to approximate a surface lacking H2
bubbles, representing a negative control with respect to surface H2 bubbles. The data collected
from these experiments was compared to experiments with surface H2 bubbles to understand the
influence of surface H2 bubbles on galvanized steel during the induction period.
For these experiments, combinations of each current density and each volumetric flow
rate was applied to bare steel substrate, similar to what was done in the galvanized steel
convection experiments. The measured induction time was normalized to the non-convection
induction time for each current density. The non-convection induction times were
171.7 ± 3.3 (SE), 87.0 ± 6.2 (SE), and 45.5 ± 2.6 (SE) s for current densities of 0.33, 0.5, and

0.67 mA/cm2, respectively. For all experimental conditions, the induction period for bare steel is

extended less than the induction period of galvanized steel. The bare steel induction period does
not extend beyond a factor of 1.5 for all 0.5 and 0.67 mA/cm2 experiments. However, at low
current density condition (0.33 mA/cm2), the induction period for bare steel extends by a factor
of 2.7 ± 0.2 at a convection rate of 1.67 ml/s as shown in Figure 23.
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Figure 22. (a) Surface H2 bubbles are not present on the galvanized steel surface when
convection is applied before electric current. (b) Convection applied after electric current does
not remove surface H2 bubbles from galvanized steel surface. (c) Convection applied after
electric current removes surface H2 bubbles from bare steel surface. Image stills captured at 0, 5,
10, 25 s after electric current is applied for (a) and 0, 5, 10, 25 s after convection is applied for
(b) and (c). Conditions: 0.67 mA/cm
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Figure 23. Convection influences the induction time of bare steel less than galvanized steel at (a)
0.33 mA/cm2, (b) 0.5 mA/cm2, and (c) 0.67 mA/cm2 current densities. Induction times are
normalized to the non-convection induction time for each current density of each substrate
material. The non-convection induction times are 96.5 ± 1.52 s, 44.8 ± 1.32, and 32.3 ± 1.41s;
and 171.7 ± 3.3, 87.0 ± 6.2, and 45.5 ± 2.6 s for current densities of 0.33, 0.5, and 0.67 mA/cm2
for galvanized steel and bare steel, respectively. Error bars represent standard error calculated
from triplicate experiments.
As mentioned above, significantly fewer H2 bubbles adhere to bare steel than to
galvanized steel and convection displaces surface H2 bubbles when applied early. Since the bare
steel induction period is impacted less by H2 bubble displacement via convection, it can be
concluded that adhered surface H2 bubbles play an important role and influence the induction
time in the galvanized steel electrocoating process. Surface H2 bubbles likely influence the local
current density of the substrate surface as described by Padash [4]. The increase in the induction
period at low current densities and high flow rates for bare steel suggests convection may
influence other factors besides surface H2 bubbles. These factors are likely solution factors that
have been mentioned in other studies [5, 25].
The film morphology for both substrate materials at the induction time with and without
convection was examined to provide additional information on the effect of convection on
surface H2 bubbles. Comparing the non-convection film morphology between galvanized steel,
Figure 24a, and bare steel, Figure 24c, many large pores, ~15 𝜇𝜇m radius, are observed in the film
deposited on galvanized steel and do not appear on the film deposited on bare steel. These pores
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were attributed to H2 bubbles by Padash [4]. These results support the observation that few H2
bubbles adhere to the surface of bare steel. Therefore, displacement of surface H2 bubbles with
convection is expected to have a greater impact on deposition for galvanized substrates than for
bare steel substrates as shown in Figure 23.
Fewer pores were observed in the film on galvanized steel formed in the presence of
convection (Figure 24a and Figure 24b); this observation provides further evidence that surface
H2 bubbles of galvanized steel are displaced by convection. Significantly smaller pores, ~5 𝜇𝜇m,
were observed on the bare steel substrate and convection did not appear to change the overall

size and number of these pores (Figure 24c and Figure 24d), consistent with the reduced impact
of convection shown in Figure 23. Potential reasons for the observed differences in surface H2
bubble adherence for the different substrates are described by Padash [4].
The previous results have used convection to demonstrate that initial deposition and
surface H2 bubbles influence the induction time. The previous experiments indicate changes in
the local current density caused by masking of the surface by H2 bubbles and initial deposition
during the induction period may be responsible for the observed behavior. Therefore, the local
current density of the cathode was simulated in the presence of surface H2 bubbles and initial
deposition.
Local Current Density Simulations
The previous results show surface H2 bubbles influence galvanized steel electrocoating
during the early induction period. Padash [4] observed ‘ring-like’ film morphology during the
galvanized steel induction time. Similar results were observed during experiments described in
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Figure 24. Film morphology is effected by convection conditions. (a) Galvanized steel 0 ml/s
flow rate. (b) Galvanized steel 1.67 ml/s flow rate. (c) Bare steel 0 ml/s flow rate. (d) Bare steel
1.67 ml/s flow rate. Images captured at 1.05 normalized time for each experiment. The induction
times for galvanized steel are 44.9 and 115.2 s for non-convection and convection conditions,
respectively. The induction times for bare steel are 85.5 and 126.1 s for non-convection and
convection conditions, respectively. Conditions: 0.5 mA/cm2. Microscope settings: ETD
detector, 10 kV, 0,1 nA, and 500x magnification.
this work. Local current density simulations of the substrate surface provides insight into the
physical mechanisms responsible for the observed time-dependent application of convection
(Figure 21) and the observed film morphology (Figure 24).
The local current density on a galvanized steel surface was simulated in the presence of a
single H2 bubble at a constant current density of 0.5 mA/cm2. Average bubble spacing was
calculated to be 55 𝜇𝜇m from SEM images, therefore only the space between H2 bubbles is
simulated and results are assumed to apply to the entire substrate surface.
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Results show the local current density around the H2 bubble increases from 0.57 mA/cm2
at the furthest distance from the bubble (27.5 𝜇𝜇m from bubble center) to 0.61 mA/cm2

immediately adjacent to the bubble edge (10 𝜇𝜇m from bubble center). Combining these results

with observed ‘ring-like’ growth pattern of the initial deposition suggests that initial deposition is
primarily driven by the presence of surface H2 bubbles during galvanized steel electrocoating as
shown in Figure 25.
These results also provide an explanation for the shorter induction period observed for
galvanized steel compared to bare steel (Figure 23). Since fewer H2 bubbles adhere to the bare
steel surface (Figure 22), deposition occurs more slowly. It is important to note that these results
do not indicate that surface H2 bubbles are required for deposition, but decrease the induction
period by providing areas of increased local current density which enables faster deposition and
subsequent film growth.

Figure 25. Local current density is increased around the edge of the of an adhered H2 bubble and
corresponds to the observed ‘ring-like’ growth pattern. a. Experimental conditions: galvanized
steel, 0.5 mA/cm2, 0 ml/s, and 9 s reaction time. b. Model parameters: 0.5 mA/cm2 and 20 𝜇𝜇m
insulating H2 bubble with 55 𝜇𝜇m spacing.
Initial e-coat deposition also decreases the available surface area and influences the local

current density. The local current density was modeled around initial deposits observed with
SEM imaging at normalized times of 0.19, 0.39, 0.58, 0.67, 0.87, and 1.1 at a current density of
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0.5 mA/cm2. The corresponding surface coverage fraction for each normalized time was 0.01,
0.03, 0.09, 0.18, 0.78, and 0.98, respectively. The geometry of the e-coat deposition was
simplified to a combination of cylindrical and rectangular prism deposits.
Similar to the surface H2 bubble simulation, the average current density was specified as
0.5 mA/cm2 for each simulation, and the maximum current density was observed immediately
adjacent to edge of each deposit. The maximum current density for each simulation is 0.52, 0.57,
0.64, 0.69, 2.26, and 28.22 mA/cm2, as shown in Figure 26.
Combined with results shown in Figure 25, these results indicate that the local current
density continues to increase as the substrate surface becomes more obstructed during the
induction period. The area of increased local current density continues to expand as the film
grows across the substrate surface. Interestingly, the local current density begins to sharply
increase after 0.58 normalized time corresponding to sharp increase in surface coverage fraction
supporting the film growth model previously described (Figure 20).
One possible explanation for why a convection effect is not observed at 0.67 mA/cm2
(Figure 17) for galvanized steel is the current density is high enough that initial deposition does
not rely on surface H2 bubbles. These results also provide an explanation for the time-dependent
application of convection observed in Figure 21. Once the surface coverage fraction reaches the
transition point observed in Figure 20, the increased local current density is sufficient to continue
electrocoating even when surface H2 bubbles are displaced. Although it is yet to be studied, local
current density may be responsible for why the convection effect is lower with bare steel
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Figure 26. E-coat deposition influences the local current density during deposition with
increasing normalized time (𝜏𝜏) and surface coverage fraction (𝜃𝜃). a. 𝜏𝜏 = 0.19, 𝜃𝜃 = 0.01, b. 𝜏𝜏 =
0.39, 𝜃𝜃 = 0.03, c. 𝜏𝜏 = 0.58, 𝜃𝜃 = 0.09, d. 𝜏𝜏 = 0.67, 𝜃𝜃 = 0.18, e. 𝜏𝜏 = 0.87, 𝜃𝜃 = 0.78, and f. 𝜏𝜏 = 1.1, 𝜃𝜃
= 0.98. Model parameters: 0.5 mA/cm2. White areas represent initial deposition.
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compared to galvanized steel. These results indicate that the local current density around surface
H2 bubbles and e-coat deposits during the induction period is an important factor in driving
further deposition and the subsequent induction time, and should be considered in nextgeneration electrocoating models.
Considering all the data presented, galvanized steel electrocoating shows a dependence
on surface adhered H2 bubbles and suggests that local current density is a key property during
electrocoating. Therefore, surface H2 bubbles influence galvanized steel electrocoating in the
following way: (i) H2 bubbles form and adhere to the substrate surface, (ii) as more H2 bubbles
evolve and adhere to the surface the local current density around the H2 bubbles increases, (iii)
increased current density drives deposition around H2 bubbles, (iv) surface coverage fraction
reaches a critical value where electrocoating will occur even if the system is disrupted with
convection.
Bare steel is less affected because H2 bubbles do not play a critical role in the deposition
process. The convection effect at lower current densities indicates that convection also influences
factors other than surface bubbles and initial deposition that affect the induction time. These
factors are likely similar to the solution factors that have been mentioned in other works. Finally,
our results indicate that local current density is a factor which influences deposition, film growth,
and the subsequent induction time, and should be considered in next-generation digital design
models.
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5

PRELIMINARY INVESTIGATION OF SOLUTION FACTORS

The focus of this chapter is to highlight qualitative results of solution factor studies using
experimental approaches which have not been previously reported in the literature. This aims to
provide information about how changes in the e-coat dispersion could influence the induction
time which was not addressed in the previous chapter. These studies included the use of
spectrophotometric methods to measure e-coat dispersion concentrations. Experiments using the
open-channel rectangular electrochemical cell and a diluted e-coat dispersion demonstrated a
visual change in the solution near the cathode. Measurements of the pH, relative
e-coat dispersion concentration, and the average micelle size indicated coagulation of micelles in
solution and the development of a compact micelle layer. Experiments using the anionic
exchange membrane (AEM) electrochemical cell showed that an increase in pH is associated
with the induction time, but is not necessary for e-coat deposition. Although these results are
limited to specific experimental design, the methods used in the studies provide an experimental
foundation which may be useful for future quantitative studies. Some results cannot be
completely explained with the present understanding of physical mechanisms. Therefore, these
results will not be submitted for peer-review publication in the present form.
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E-Coat Dispersion Concentration
Spectrophotometric methods were used to measure e-coat dispersion concentration. The
‘as received’ model e-coat dispersion (0.378 g/ml) was diluted with DI water 1:10000. The
absorbance spectrum of the solution was measured by scanning the solution with light whose
wavelength was between 240 – 1100 nm. Results showed relatively weak absorbance of visible
light and a small peak at ~277 nm, as shown in Figure 27.

Figure 27. E-coat UV-VIS spectrum. A characteristic peak at 277 nm is used to construct a
calibration curve. Conditions: 0.378 g/ml with 1:10000 dilution.
The absorbance peak at 277 nm suggests the presence of aromatic rings. The exact
structure of the epoxy-amine resin provided by PPG Inc. is proprietary. However, the structure of
a commercially available epoxy-amine resin used for e-coating, Epon 1004 (Hexion), consists of
several phenyl- and benzyl-structures. Therefore, it is likely that the model e-coat dispersion
consists of similar functional groups and the ~277 nm peak corresponds to the epoxy-amine
resins in the dispersed micelles.
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The 277 nm peak was used to construct a calibration curve to measure the concentration
of e-coat dispersion samples. A nine point calibration curve was built by first diluting the
37.8 𝜇𝜇g/ml dispersion with DI water by a 1:10000 ratio using serial dilution techniques. The

diluted 37.8 𝜇𝜇g/ml dispersion was further diluted to concentrations of 8, 9, 13, 19, 25, 28, and

30 𝜇𝜇g/ml concentrations. A DI water blank was used as a 0 𝜇𝜇g/ml point. Relative absorbance at
277 nm was then measured at each concentration. The results were plotted and a linear

regression model was fit to the data. The linear regression model demonstrated excellent fitting
with a calculated correlation coefficient, R2 value, of 0.9991. Therefore, the extinction
coefficient for the e-coat dispersion corresponds to the slope of the linear regression model
which was calculated to be 0.0186 𝜇𝜇g/(ml cm), as shown in Figure 28.

Figure 28. Calibration curve used to measure e-coat concentration. A nine point calibration was
used with concentration of 0, 8, 9, 13, 19, 25, 28, 30, and 37.8 𝜇𝜇g/ml. Excellent fitting is
observed with a correlation coefficient of 0.9991 and an extinction coefficient of
1.8621 g/(ml cm).
This calibration curve was used to measure the concentration of various laboratory e-coat
dispersion samples. This helped to improve the quality of the electrocoating experiments by
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ensuring the same e-coat concentration was used for all experiments. This technique was also
applied to measure changes in e-coat dispersion concentration during electrocoating.

Diluted E-Coat Dispersion Experiments
As previously mentioned, the opacity of the e-coat dispersion makes it difficult to
observe electrocoating mechanisms in situ. However, dilution of the e-coat dispersion with DI
water decreases the opacity and enables in situ observations during electrocoating. Since the
open-channel rectangular electrochemical cell had a working volume of 390 ml, a 1:389 dilution
ratio using a 0.15 g/ml model e-coat dispersion was prepared, and the solution opacity was
arbitrarily determined to be low enough to visually observe solution changes
during electrocoating.
The rectangular open-channel electrochemical cell was used for diluted e-coat dispersion
experiments. The electrode arrangement was slightly modified so that only one anode and one
cathode were placed at either end of the cell (13 cm distance). A constant current density of
1.0 mA/cm2 was applied for 650 s. Visual changes in the e-coat dispersion were observed near
the cathode surface. Images were captured with a 21 MP smartphone camera every 60 s. The
color of the initial e-coat dispersion was visually uniform. At early and intermediate times
(30 – 300 s), the opacity of the solution near the cathode increased and interesting ‘tendril-like’
shapes were formed. At later times (greater than 300 s), the solution near the cathode became
uniformly opaque and macroscopic particles formed at the cathode surface. These particles were
collected by submerging a plastic vial in the solution near the cathode. These particles remained
stable in solution, as shown in Figure 29.
Although qualitative, these results demonstrate solution factors that have not previously
been observed in situ. The increased opacity near the cathode as the reaction proceeded could be
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a result of micelles reacting with OH- ions or the development of a compact micelle layer. The
stable macroparticles indicate that micelles can coagulate in solution before deposition on the
substrate surface.

Figure 29. a. As constant current is applied to a diluted e-coat dispersion, ‘tendril-like’ shapes of
opaque solution are observed near the cathode. b. Eventually, the opacity of the solution
becomes uniform and macroparticles are observed at the cathode surface. c. The macroparticles
remain stable in solution. Elapsed time: a. 300 s b. 650 s. Conditions: galvanized steel,
389 𝜇𝜇g/ml e-coat dispersion, 1.0 mA/cm2 current density
To better understand the observed solution changes, a similar experiment was performed

with a pH probe placed near the cathode surface and the relative dispersion concentration and
particle size of the developing opaque region in solution was measured for a sample collected at
300 s. The pH of the solution gradually increased to 12. At 300 s the pH of the solution was 9.85.
Spectrophotometric measurements indicated that the e-coat dispersion concentration increased
by 22 % at 300 s relative to that present initially. DLS measurements indicated that the average
micelle size increased from ~80 nm initially to 153 nm at 300 s as shown in Figure 30.
It is important to acknowledge that these results only apply to a diluted e-coat dispersion
and do not guarantee similar results using normal e-coat dispersion concentrations. Furthermore,
the 22 % relative increase in e-coat dispersion concentration at 300 s compared to initial values
does not necessarily indicate that the local micelle concentration increased by 22 %. This
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Figure 30. a. pH increases in the opaque region. At 300 s the pH is 9.85. b. Spectrophotometric
data indicate a relative 22 % increase in e-coat dispersion concentration at 300 s. Concentration
is not calculated because the sample is not appropriately prepared. c. Average micelle size
increases from an initial 80 nm to 153 nm at 300 s. Conditions: galvanized steel, 0.389 mg/ml ecoat dispersion, 1.0 mA/cm2 current density
measurement could have been influenced by the larger micelles, which would inherently contain
more aromatic functional groups.
With these limitation noted, the results suggest that the developing opaque region
(Figure 29) is a result of micelle coagulation. However, it is not clear if micelle coagulation
results from an increase in pH or an increase in the e-coat dispersion concentration. Interestingly,
the average micelle size nearly doubles at a pH of 9.85 and remains stable in solution; this
observation implies that a pH value of 12 is not required for micelle coagulation. Finally, these
results indicate solution factors may influence deposition. Disruption of these solution factors
may be responsible for the extended induction period observed at high flow rates and low current
densities for galvanized and bare steel (Figure 23).

Anionic Exchange Membrane Experiments
The AEM electrochemical cell was used to isolate the effects of two electrocoating
factors. First, the AEM moves e-coat deposition from the surface of the cathode to the
anode-facing AEM surface. Moving the deposition site away from the cathode, eliminates the

54

influence of surface H2 bubbles during electrocoating. Second, the anion that passes through the
membrane during electrocoating is controlled by the salt solution used in the cathode
compartment. Therefore, the influence of OH- can be tested by using a non-OH- salt. These
factors are diagrammed in Figure 31.

Figure 31. Diagram of modified mechanisms in AEM cell. E-coat deposition occurs on the
anode-facing AEM surface. Under these conditions, deposition is not influenced by surface H2
bubbles. Therefore, deposition should only be controlled by solution factors.
As Figure 31 implies, the AEM electrochemical cell was used to isolate H2 bubbles and
was used to study the influence of solution factors and pH on deposition. For these experiments,
AEMs were pretreated with a 1 M sodium sulfamate solution. The AEM cell was then assembled
using a 50 mM sodium sulfamate solution in cathode compartment. The AEM cell was operated
at a constant current density of 1.0 mA/cm2. A pH probe was used to measure the pH in the
cathode compartment. Interestingly, the induction period extended to 1390 s and was only
observed when the cathode compartment pH rose to ~11, as shown in Figure 32.
Similar to the diluted e-coat dispersion experiments, the AEM experiments have some
inherent limitations and results may not extend to traditional electrocoating systems. Thick
e-coat deposition was observed on the anode-facing AEM surface. These results suggest that an
increase in pH is correlated with the rapid voltage increase associated with the induction time.
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Figure 32. The induction period increased to 1390 s using the AEM cell. The pH of the cathode
compartment at the induction time was 10.75. Anode compartment contained 0.1512 g/ml e-coat
dispersion, and the cathode compartment contained 50 mM sodium sulfamate solution.
Conditions: 1.0 mA/cm2 constant current density.
Subsequent experiments used an identical experimental setup and demonstrated that
deposition occurs on the AEM before the pH rise is observed. These observations suggest that
neutralization of charged micelles may not be required for coagulation and subsequent
deposition. Under these conditions, the only solution factor influencing deposition should be the
development of a compact micelle layer. Therefore, these observations suggest that compact
micelle layer development could influence initial deposition. By extension, disruption of the
compact micelle layer development with convection may be responsible for the extended
induction period observed at high flow rates and low current densities (Figure 23). Additionally,
these results suggest the induction time is not necessarily influenced by deposition. Since a rapid
voltage increase is only observed when the pH is above 11, it is possible that the cause of the
rapid voltage increase results from mass neutralization of deposited micelles or water removal.
However, more experiments are required to better understand these mechanisms.
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Other AEM experiments were designed using either sulfamic acid (pH less than 1) or
potassium hydroxide (pH greater than 12) solutions in the cathode compartment. This was done
to completely eliminate OH- ions or only move OH- ions across the AEM during electrocoating,
respectively. However, in each case, deposition was observed on the AEM before current was
applied. These results suggested that the AEM material was not stable at extreme pHs.
In conclusion, preliminary qualitative studies were designed to measure changes in the
e-coat dispersion during electrocoating. These solution factors may influence the induction time
and may help explain results from the closed-channel flow cell experiments. Diluted e-coat
experiments show an increase in micelle size and e-coat dispersion concentration corresponds to
an increase in solution pH. Experiments using the AEM cell indicated that an increase in pH is
not necessary for e-coat deposition but was required to observe the rapid voltage increase
associated with the induction time. Although this work was not completed to a publication stage,
these studies provide experimental methods that have not been previously reported in the
literature. These methods provide a way to eliminate the influence of surface H2 bubbles and OHions during electrocoating which can be applied to understand how solution factors influence the
induction time.
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6

INVESTIGATION OF FILM RESISTANCE IN AN INDUSTRIAL SETTING

The focus of this chapter is to describe film resistance studies performed in an industrial
setting. Film resistance is an important parameter in industrial electrocoating and is used to
understand film growth and film morphology during electrocoating. Understanding film
resistance will improve the efficacy of presently used digital design models. Results show film
resistance does not directly correlate with deposited e-coat mass. Interruption experiments [4]
were used to study the influence of H2 bubbles on the measured film resistance. Film density and
resistivity results cannot be completely explained with our current understanding, underlining the
importance of future resistance studies. As previously discussed, some results cannot be
completely explained with the present understanding of physical mechanisms. Therefore, these
results will not be submitted for peer-review publication in the present form.

Film Resistance and Interruption Experiments
Since deposited e-coat is generally assumed to be an ideal insulator, electrical resistance
is expected to increase during electrocoating as e-coat deposition masks the substrate surface.
Subject to Ohm’s Law (V = IR), the applied voltage will increase in response to an increase in
resistance under constant current conditions. Therefore, the rapid voltage increase associated
with the induction time also corresponds to a rapid increase in the resistance of the
depositing film.
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Resistance during electrocoating is a physical parameter of the growing film and provides
information on film morphology and film growth during electrocoating. The film resistance is
influenced by many physical properties of the growing film such as thickness, density, and
surface coverage fraction. Therefore, an understanding of the factors that influence electrical
resistance during electrocoating may provide insight to improve the efficacy of industrial digital
design models.
Interruption experiments were introduced by Padash [4] as a technique to understand
physical mechanisms during the induction period. During constant current interruption
experiments, the applied electric current is paused during electrocoating. During the interrupted
period, micelle and OH- concentration gradients made during constant current application relax
and H2 bubbles move from the surface. The relaxation process can be accelerated by mixing the
e-coat dispersion and removing the substrate from the system and rinsing with DI water. After
the interruption period, the substrate is replaced and constant current is reapplied. Differences in
electrocoating before and after the interruption period provide insight into
underlying mechanisms.

Resistance Plateau and Interruption Drop
Film resistance on phosphated steel substrate using the industrial electrochemical cell
was measured. The cell operated at a constant current density of 1.0 mA/cm2. Results are
normalized to the amount of charge passed per cm2 since the power supply was unable to
maintain constant current density for the duration of the experiments. A linear regression model
shows e-coat deposition mass correlates to the amount of charge passed. The linear regression
model demonstrates a good fit with a correlation coefficient (R2 value) of 0.9696. Since e-coat
deposition is generally assumed to be an ideal insulator, the resistance of the film is expected to
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correlate with the e-coat deposition mass. However, between 0.03 and 0.05 C/cm2, the film
resistance only gradually increases while the rate of mass deposition remains constant. The
average resistance during this period is ~ 15 kΩ. Interestingly, the resistance drops to after the
interruption period to a value of ~15 kΩ as shown in Figure 33.

Figure 33. a. Shortly after the induction time, the power supply reaches the maximum voltage
output (300 V). Under these conditions, the applied current begins to decrease in response to the
continuously increasing film resistance. Therefore, the mass and resistance results are
normalized to the amount of charge passed. b. Resistance does not correlate with deposited
e-coat mass. Mass deposits linearly with respect to charge, but the slope of resistance varies.
c. A large (~ 20 kΩ) drop in resistance is observed for interruption experiments beyond the
induction time. Interruption occurs at 70 s after ~ 0.06 C/cm2 have passed. Conditions: Industrial
e-coat, phosphated steel, and 1.0 mA/cm2 current density.
The deposited mass was assumed to remain constant during the interruption period.
Therefore, these results suggest that the rapid resistance increase beyond 0.05 C/cm2 is not
directly correlated with deposition mass. Combining these results with the surface coverage
fraction measurements described in Chapter 4.2, leads to a possible explanation. Assuming that
the surface coverage fraction remains constant (~0.98) after the induction time, implies the
depositing mass is increasing the film thickness. During this time the electric current is passing
through the constant non-coated fraction which consists of film pores causing the film resistance
to become constant. This explanation implies that the increase in resistance beyond the induction
time is a result of film pores becoming blocked. It is possible that pores can become blocked by
H2 bubbles during electrocoating. When the H2 bubbles are removed during an interruption
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experiment, the electric current is able to pass through the film pores and the resistance then
returns to the value before the pores were blocked. Although other factors could be responsible
for observed results, the plausibility of this explanation is tested using interruption resistance
measurements. This explanation is illustrated in Figure 34.

Figure 34. a. Resistance increase beyond the induction time results from H2 bubbles blocking
pores. b. When H2 bubbles are removed during interruption experiments, pores become
accessible and the resistance drops.
Interruption Resistance Experiments
Interruption experiments were designed to test the plausibility of a H2 bubbles being
responsible for increase in the film resistance observed after the induction time. This was done
by completely drying the e-coat film during the interruption period before reapplying current.
Drying the e-coat film should replace H2 bubbles with air bubbles, and the post-interruption film
resistance should be approximately the same as the pre-interruption film resistance. Phosphated
steel panels were electrocoated at 1.0 mA/cm2 using the industrial e-coat dispersion.
Electrocoating was interrupted at 100 s and each panel was rinsed with DI water and was dried
either in a desiccator or in the open lab for 48 hours at room temperature. Film resistance was
then measured by reapplying current at 1.0 mA/cm2 in the industrial e-coat dispersion. Panels
that were rinsed with DI water during the interruption period but not dried served as a control. A

61

post-interruption resistance increase was observed both dried films and a post-interruption
resistance decrease was observed in the rinsed film, as shown Figure 35.

Figure 35. Post-interruption resistance increases in dried films and decreases in rinsed films.
Samples dried in a desiccator and in open lab for 48 hours. Sample was rinsed immediately
following deposition. Conditions: Industrial e-coat, phosphated steel, and 1.0 mA/cm2 current
density for 100 s.
These results suggests H2 bubbles could cause the resistance increase observed in Figure
33 since the pre- and post-interruption resistances in the air dried sample are close to the same
value. However, the higher post-interruption resistance of the air dried sample suggest that not
all pores are blocked with H2 during deposition. Under constant current conditions, the system
will respond in order to maintain constant current by forming new pores to compensate for older
pores being blocked by H2 bubbles or filled with e-coat. Interestingly, the difference between
post-interruption resistance of desiccated and air dried samples suggests that measured film
resistance is also influenced by film wetness. Under open lab drying conditions, water is retained
by micro-pores and micro-channels in the film. The retained water could decrease the measured
resistance. These explanations are illustrated in Figure 36.
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Figure 36. a. Increased resistance after air drying suggests that not all pores are blocked with H2
during deposition with constant current conditions. b. Post-interruption resistance is lower in air
dried samples compared to desiccator dried samples because water is retained by microchannels. c. Air replaces pores and micro-channels in desiccator dried samples leading to the
highest post-interruption resistance measurement.
It is important to note that drying the e-coat film during the interruption period may alter
the morphology of the film leading to inaccurate measurements. The above explanations
assumed that film morphology does not change during drying. Therefore, more experiments
should be performed to validate this assumption.

Resistivity and Density
Film resistivity and density data can be used to understand how the film grows during
electrocoating. Accurate film thickness measurements are necessary to accurately calculate film
density and resistivity. The film thickness for aluminum substrate panels electrocoated at
1.0 mA/cm2 constant current density in the industrial electrochemical cell was measured at 10 s
intervals using 3D profilometry and stylus profilometry and at 20, 60, and 100 s using crosssection mounting. The same panels were used for each different measurement technique. The 3D
profilometer and stylus profilometry measurements were adjusted by the measured thickness of
non-coated aluminum and show good agreement, as shown in Figure 37.
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Figure 37. Various e-coat thickness measurements. Good agreement between 3D profilometry
and stylus profilometry techniques appeared when thickness measurements were adjusted by the
thickness of non-coated substrate material. Error bars represent the standard deviation of
triplicate measurements. Conditions: 1.0 mA/cm2 current density with aluminum substrate.
The outlying cross-section mounting thickness measurements could be a result of e-coat
removal during the polishing and subsequent mounting. Therefore, the cross-section mounting
measurements are likely inaccurate. The average difference between the 3D profilometer and
stylus profilometer measurements in the corrected data was 2.53 ± 4.70 (SD) 𝜇𝜇m. The 3D

profilometer measurements were considered the most accurate because the substrate surface is
unaltered during measurement.
Film density and film resistivity was estimated during the electrocoating of phosphated
steel using linear voltage ramp rates of 0.125, 0.5, and 1.0 V/s and constant current densities of
0.5, 0.75, and 1.0 mA/cm2. Film resistance, deposition mass, and film thickness were measured
throughout the deposition for each coating condition. Film thickness was measured using the
stylus profilometer and a correction factor of 2.53 𝜇𝜇m was added to each measurement to

approximate 3D profilometer measurements. The deposition rate varied with the specific
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conditions used during electrocoating. However, the film density gradually increased and
appeared to level off near 1000 kg/m3 for each condition as charge passed and film resistivity
increased. The film resistivity increased as charge passed, but at inconsistent rates for each
condition as shown in Figure 38.

Figure 38. Correlations between (a) mass and charge, (b) density and charge, resistivity and
charge and (c), and (d) density and resistivity using phosphated steel. Electrocoating conditions:
0.125, 0.5, 1.0 V/s linear voltage ramp and 1.0, 0.75, 0.5 mA/cm2 constant current density. Film
thickness was measured using the stylus profilometry method with a correction factor of 2.53 𝜇𝜇m
added to each measurement.
Interestingly the mass deposition rate was lower for voltage ramp conditions compared to

constant current density conditions. This was unexpected because previous results have shown a
strong correlation between deposited mass and charge passed. It is interesting that the density
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appeared to increase quickly and then become relatively constant during bulk deposition. It is
also interesting that the resistivity increased somewhat linearly with charge. However, the
density and resistivity results do not make physical sense since it is expected that density and
resistivity are correlated and it appears that resistivity continues to increase as the density
becomes constant. Therefore, these results indicate factors influencing film resistivity are not
completely understood and more experiments need to be performed.
In conclusion, film resistance is an important industrial parameter and is used to
understand film growth and morphology during electrocoating. Film resistance does not directly
correspond to deposited mass and was influenced by surface coverage fraction, H2 bubbles, and
film wetness during electrocoating. Film density and resistivity calculations rely on accurate film
thickness measurements. Although some correlations were observed for film density and
resistivity at various electrocoating conditions, results cannot be completely explained with
physical mechanisms. Therefore, more experiments are required to understand the observed
results.
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7

CONCLUSIONS AND FUTURE WORK

The presented results provide an increased understanding of fundamental electrocoating
processes. Surface factors responsible for deposition during the induction period were
investigated using the closed-channel electrochemical flow cell and current distribution
simulations. Solution factors which may be influence the induction time at low current densities
were qualitatively investigated using a diluted e-coat dispersion and the AEM electrochemical
cell. Film growth and morphology after the induction time were studied in an industrial setting
using film resistance measurements. These results provide an experimental foundation needed
for advanced physics-based models of the electrocoating process.
This chapter is divided into two sections. Summary and conclusions from the previous
chapters are presented first, followed by future work.

Summary and Conclusions
Convection was used to study the influence of surface H2 bubbles and initial deposition.
Galvanized steel electrocoating shows a dependence on surface adhered H2 bubbles and suggests
that local current density is a key property during electrocoating. Surface H2 bubbles influence
galvanized steel electrocoating by increasing the local current density. This leads to initially
localized deposition near surface H2 bubbles. As the surface coverage fraction reaches a critical
value, the film growth begins to rapidly spread across the surface. Disruption with convection
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beyond this transition point does not influence the induction period. Bare steel is less affected by
convection because H2 bubbles do not play a critical role in bare steel electrocoating. The
convection effect at lower current densities indicates that convection also influences factors other
than surface bubbles and initial deposition that affect the induction time.
Preliminary qualitative studies were designed to study the influence of solution factors on
the induction period. Diluted e-coat experiments showed an increase in micelle size and e-coat
dispersion concentration corresponded to increased solution pH. Experiments using the AEM
cell indicated that an increase in pH is not necessary for e-coat deposition but was required to
observe the rapid voltage increase associated with the induction time.
Film resistance is an important industrial parameter and was used to understand film
growth and morphology during electrocoating. Film resistance does not directly correspond to
deposited mass and was influenced by other surface factors. Film density and resistivity results
cannot be completely explained with our current understanding of physical mechanisms.

Future Work
As previously discussed, the results in Chapters 5 and 6 have not been previously
presented in the literature, but were not completed to a publication-ready stage. Therefore, future
work would focus on further developing the methods presented.
Replicate experiments using the AEM cell and a 50 mM sodium sulfate solution should
be performed. Characterization of the deposit could be performed using SEM imaging
techniques to understand the film growth pattern on AEM substrates. Furthermore, the deposit
should be characterized to understand if micelles are neutralized before depositing on the AEM
substrate. This could be performed using energy dispersive X-ray spectroscopy techniques. If the
deposit contains high levels of sulfur, this would indicate that the sulfamate counter-ion deposits
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with the micelles and the micelles do not necessarily need to neutralized before depositing. The
effect of OH- during AEM electrocoating can be better studied using a buffered salt solution in
the cathode compartment. Depending on the buffer solution, the OH- can be consumed by the
buffer or pass through the AEM while avoiding extreme pH conditions. These results could
demonstrate the role of OH- during electrocoating and would influence present models. Finally,
these results would need to be extended to traditional electrocoating systems.
The validity of interruption resistance measurements should be investigated. The drying
process and H2 evolution during measurements may alter the film morphology and lead to
inaccurate measurements. H2 evolution can be avoided using by applying a low constant voltage
to measure resistance post-interruption. Additionally, post-interruption resistance measurements
could be performed in a non-depositing salt solution do avoid deposition effects. Furthermore,
film thickness could be more accurately measured using 3D profilometry techniques for all
samples. More accurate film thickness measurement will lead to more accurate film density and
resistivity calculations. Additionally, the surface coverage fraction should be accounted for in
these calculations. This could impact the observed correlations and may lead to results which can
be explained with understood physical mechanisms. Understanding film density and resistivity
will improve industrial electrocoating digital design processes.
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APPENDIX A.

DERIVATION OF COMMON ELECTROCOATING MODELS

USED IN LITERATURE

A.1 Use of the Sand’s Equation to Calculate Critical pH
Many investigators have stated that the rapid change in current or voltage associated with
the induction time is a result of rapid coagulation of the micellular dispersion at a critical pH [6,
10]. The concentration of OH- ions at the cathode surface is modeled using the well-known
Sand’s equation:
∆𝐶𝐶𝑂𝑂𝑂𝑂 =

2𝐾𝐾

Equation A.1

1

𝐹𝐹[𝜋𝜋𝐷𝐷𝑂𝑂𝑂𝑂 ]2

−
−
Where Δ𝐶𝐶𝑂𝑂𝑂𝑂
is the hydroxide ion concentration at the surface, 𝐷𝐷𝑂𝑂𝑂𝑂
is the diffusivity of the hydroxide ion, F
is Faraday’s constant, and K is equal to the left-hand side of Equation 1

Equation A.1 allows the calculation of the critical pH by solving for 𝐾𝐾 using Equation 1,

with known induction time and current density. Voltage and current density relationships for

non-porous and porous film growth are then derived as follows are described in the following
sections.

A.2 Derivation of Voltage and Current Relationship for Non-Porous Film Growth
Pierce [6] states that once deposition starts, film thickness increases linearly with time
described by:
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑐𝑐𝑐𝑐

Equation A.2

Where 𝛿𝛿 is the film thickness, 𝑡𝑡 is time, 𝑐𝑐 is the coulombic efficiency, and 𝑖𝑖 is the current density
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Integration beyond the induction time yields:
𝛿𝛿 = 𝑐𝑐𝑐𝑐[𝑡𝑡 − 𝜏𝜏]

Equation A.3

Where 𝜏𝜏 is the induction time

Pierce [6] claims that voltage also increases linearly after the induction time and is related
to current density and film thickness by:
𝑖𝑖

𝑉𝑉 = 𝜎𝜎 𝛿𝛿

Equation A.4

𝐹𝐹

Where 𝜎𝜎𝐹𝐹 is the film conductivity

Substituting Equation A.2 into Equation A.3 finally yields:
𝑉𝑉 =

𝑐𝑐𝑖𝑖 2
𝜎𝜎𝐹𝐹

[𝑡𝑡 − 𝜏𝜏]

Equation A.5

A.3 Derivation of Voltage and Current Relation for Porous Film Growth
The derivation of the voltage and current relationship becomes more complicated when
porous films are deposited. Assuming Faraday’s law of electrolysis, the rate of change of the
surface coverage of the electrode equals:
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑘𝑘𝑘𝑘

Equation A.6

Where 𝜃𝜃 is the fraction of surface coverage, 𝑡𝑡 is time, 𝑘𝑘 is the area covered per coulomb required to deposit
the film, and 𝑖𝑖 is the current density

Integrating Equation A.5 with respect to time yields:
𝜃𝜃 = 𝑘𝑘𝑘𝑘𝑘𝑘

Equation A.7

Empirically, Pierce states that the product of time for complete surface coverage and
current density are equal to a constant (1/k).
1

𝑖𝑖𝜏𝜏 ′ = 𝑘𝑘

Where 𝜏𝜏′ is the time of complete surface coverage
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Equation A.8

Although average constant current density is maintained throughout the deposition
process, local current density of the pores increases rapidly following the expression:
𝑖𝑖

𝑖𝑖0 = 1−𝜃𝜃

Equation A.9

Where 𝑖𝑖0 is the local current density

Assuming a linear relationship with voltage:
𝑖𝑖0 =

𝜎𝜎𝑃𝑃 𝑉𝑉

Equation A.10

𝛿𝛿0

Where 𝜎𝜎𝑃𝑃 is the conductivity of the pore electrolyte, 𝑉𝑉 is voltage, and 𝛿𝛿0 is the pore depth.

Rearranging and combining Equation A.9 with Equations A.6 and A.8 yields:
𝛿𝛿

𝑖𝑖

𝑉𝑉 = 𝜎𝜎0 �1−𝑘𝑘𝑘𝑘(𝜏𝜏′ −𝑡𝑡)�
𝑃𝑃

Where 𝜏𝜏′ is the time to complete surface coverage and 𝑡𝑡 is time

Equation A.11

A.4 Physics of Compact Micelle Layer
Vatistas [9], working with potentiostatic electrocoating, solves Equation 2 using Ohm’s
𝑉𝑉

law, 𝑖𝑖 = 𝐴𝐴𝐴𝐴 where 𝐴𝐴 is the surface area of the cathode and 𝐼𝐼 = 𝑖𝑖𝑖𝑖, and the distance between the

cathode and anode to obtain:
𝑢𝑢 =

𝜖𝜖𝜖𝜖 𝑅𝑅𝑅𝑅

Equation A.12

𝜇𝜇 𝐿𝐿

Where 𝑢𝑢 is the migration velocity, 𝜖𝜖 is the permittivity of the solution, 𝜁𝜁 is the zeta potential of
the charged micelles, 𝜇𝜇 is the viscosity of the solution, 𝑅𝑅 is the bath resistance, 𝐼𝐼 is the current,
and 𝐿𝐿 is the distance between the cathode and anode
The induction time is modeled in the form of Equation 1 by rearranging the Sand’s

equation to yield:
𝐹𝐹𝐹𝐹𝐶𝐶𝑂𝑂𝑂𝑂 𝐴𝐴𝐴𝐴 2

𝜏𝜏 = 𝜋𝜋𝐷𝐷𝑂𝑂𝑂𝑂 �

2𝑉𝑉

�

Equation A.13

The distance micelles migrate up to the induction time can then be calculated as:
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𝑝𝑝 = 𝜇𝜇𝜇𝜇 = 𝜋𝜋𝐷𝐷𝑂𝑂𝑂𝑂

𝜖𝜖𝜖𝜖 𝐹𝐹Δ𝐶𝐶𝑂𝑂𝑂𝑂 𝐴𝐴𝐴𝐴 2 1
𝜇𝜇

�

2√𝐿𝐿

�

Equation A.14

𝑉𝑉

Where 𝑝𝑝 is the distance travelled by the micelle

Assuming spherical geometry, the energy dissipation for a single micelle can then be

calculated by combining the Stokes drag equation, 𝐹𝐹 = 6𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋 with Equation A. 14 to yield:
𝜖𝜖𝜖𝜖 2 𝐹𝐹Δ𝐶𝐶𝑂𝑂𝑂𝑂 𝐴𝐴𝐴𝐴 2

𝐿𝐿𝑚𝑚 = 𝐹𝐹𝐹𝐹 = 6𝜋𝜋 2 𝜇𝜇𝐷𝐷𝑂𝑂𝑂𝑂 � 𝜇𝜇 � �

Equation A. 15

� 𝑟𝑟

2𝐿𝐿

Where 𝐿𝐿𝑚𝑚 is the energy dissipated by single micelle

Assuming the micelles have uniform size the number of micelles in the compact layer can

be estimated by:
3 𝜙𝜙

Equation A. 16

𝑁𝑁𝑚𝑚 = 4 𝜋𝜋𝑟𝑟 3

Where 𝑁𝑁𝑚𝑚 is the number of micelles and 𝜙𝜙 is the volume of the compact layer

Therefore, the energy dissipated by all micelles in the compact layer yields:
9

𝜖𝜖𝜖𝜖 2 𝐹𝐹Δ𝐶𝐶𝑂𝑂𝑂𝑂 𝐴𝐴𝐴𝐴 2 1

𝐿𝐿𝑚𝑚 𝑁𝑁𝑚𝑚 = 𝐿𝐿 = 2 𝜋𝜋𝜋𝜋𝜋𝜋𝐷𝐷𝑂𝑂𝑂𝑂 � 𝜇𝜇 � �

2𝐿𝐿

�

𝑟𝑟 2

Equation A. 17

Where it is clear that larger micelles will migrate easier in solution than smaller micelles
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APPENDIX B.

SUBROUTINES USED IN EXPERIMENTS AND ANALYSIS

B.1 User Built LabVIEW Constant Current Interface

B.2 MATLAB Segmentation Code
clear
% Specify the folder where the files live.
myFolder = 'Filelocation';
% Check to make sure that folder actually exists. Warn user if
it doesn't.
if ~isfolder(myFolder)
errorMessage = sprintf('Error: The following folder does not
exist:\n%s', myFolder);
uiwait(warndlg(errorMessage));
return;
end
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% Get a list of all files in the folder with the desired file
name pattern.
filePattern = fullfile(myFolder, '*.tif'); % Specify file
extension
theFiles = dir(filePattern);
A = zeros(length(theFiles),1);
%S = zeros(length(theFiles),1);
for k = 1 : length(theFiles)
baseFileName = theFiles(k).name;
fullFileName = fullfile(myFolder, baseFileName);
fprintf(1, 'Now reading %s\n', fullFileName);
str = string(fullFileName);
% Now do whatever you want with this file name,
% such as reading it in as an image array with imread()
[RBG,~,transparency] = imread(fullFileName);
thres_level=graythresh(RBG); % find the optimal threshold
level of image
Image = rgb2gray(RBG); %convert rgb image to graysccale
I2 = imbinarize(Image,thres_level);%Non-adaptive try first
with optimal image
I3 = imbinarize(Image,'adaptive',
'ForegroundPolarity','bright','Sensitivity',0.45); %Adaptive
segmentation.
I4 = bwareaopen(I3,50); %Clean black areas – eats white
regions less than 50 pixels
J = imcomplement(I4);%Invert image
J2 = bwareaopen(J,50);%Clean white areas – eats black regions
less than 50 pixels
I = imcomplement(J2);%Invert back to original color scheme
imshow(I) %Display image
totnumpix=numel(I); % calculate total no of pixels in image
nwhite_open=sum(I(:)); % calculate the white pixels in image
nblack_open=totnumpix-nwhite_open;% calculate black pixels in
image
R=(nblack_open/totnumpix); %calculate ratio of black pixels
A(k) = R; %Save Results in array
end
disp(A) %Print Results
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